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SPECTRO GRAPH TIME OF FLIGHT SYSTEM 
F DR LOW ENERGY NEUTRAL PART ICLES 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims priority to U.S. Provisional Application No. 

60/409,690, filed September 10, 2002, the contents of which are incorporated herein by 
reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0002] The present invention generally relates to time-of-flight (TOF) mass 

spectrometers, and in particular to a TOF mass spectrometer utilizing rotating electro- 
magnetic field for identifying the chemical composition of low-pressure gases, the 
relative abundance of different species, and the particle flow direction and velocity. 

2. Description of the Related Art 

[0003] Analysis of the chemical composition of gases plays a central role in our 

attempt to understand the origin and the evolution of our solar system. In situ analysis of 
the gas must be considered complementary to remote sensing: while the first type of 
measurement identifies and quantifies all chemical compounds at a point in space, the 
second gives a spatial overview of those elements and compounds that generate a unique 
optical signature, like an emission or absorption line. The enrichment or depletion of a 
specific element is important information, when trying to understand the processes that 
control planetary evolution. Investigations of the Martian atmosphere and the coma of 
comets both rely on detailed chemical composition information. The composition of the 
Martian atmosphere was characterized during the descent phase of both Viking landers. 
[0004] Many questions have been left unanswered, in particular the variation of 

the chemical composition associated with the dust content of the atmosphere, as well as 
the coupling between atmospheric composition and climate variations. The chemical 
composition and relative abundance of elements in the atmosphere of comets and small 
bodies is a rapidly varying function of the solar illumination, latitudinal and longitudinal 
position, and height from the body's surface. To characterize the changes and relate them 
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to features on the surface, a mass spectrometer must show at the same time high resolving 
capability and fast response. State of the art mass-spectrometers may not be entirely 
suitable for measurements of gases where the composition varies rapidly, or where the 
composition is not known a-priori, and the full mass spectrum has to be analyzed in a 
relatively short time. Study of the atmospheres and exospheres of planets and small 
bodies of the solar system is a central point in the NASA programs of the next decade. 
Chemical and isotopic characterization of these tenuous gases is extremely important 
when trying to understand origin and evolution of the solar system itself. 
[0005] Many different techniques have been proposed and implemented during 

the past century to quantitatively determine the relative and absolute abundance of 
chemical components. In the realm of low-pressure gases, where a single particle 
approach is appropriate, atoms and molecules in either neutral or ionized state are 
analyzed. Neutral particles are usually ionized before the analysis, typically using 
electron bombardment. 

[0006] Among numerous types of TOF spectrometers, it is known to use a TOF 

mass spectrometer utilizing a rotating RF field. In general, this type of mass 
spectrometer is known for its increased ability to reliably acquire and analyze mass 
spectra with high sensitivity, high accuracy and high duty cycle, since ions continuously 
traverse a dispersion system and are continuously analyzed. 

[0007] U.S. Patent 6,521,887 discloses a TOF mass spectrometer provided with 

an electrostatic deflection apparatus, which includes multiple dispersing electrodes 
arranged in consecutive pairs that are spaced angularly relative to one another at 
approximately right angle. Ions continuously entering a drift tube are first swept by the 
electrostatic deflection apparatus so that the ion trajectory is a function of the voltage 
impressed on the dispersing electrodes during the time the ion passes there through. 
Placing a detector at the predetermined lateral distance from the symmetry axis of the 
deflection apparatus allows only ions of interest to impact thereupon. This information, 
when combined with information on the voltages applied and the hit time of the ion 
detection provides a method for determining the time-of-flight of the detected ion along 
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the drift region having known length. Having determined the time and knowing the 
distance traveled by the detected ion, one can determine its speed and further its mass- 
per-charge ratio, assuming that the ion beam has a well known energy-per-charge ratio. 
[0008] Universally, all types of mass spectrometer are configured to attain, 

among others, the following objectives (1) high ionization rate; (2) high mass resolution; 
and (3) compactness. 

[0009] Additionally, in the context of the TOF mass spectrometer with the 

rotating electromagnetic field, it is highly important to minimize fringing fields, which 
detrimentally affect the desired trajectory of deflected ions. A combination of 
consecutively positioned pairs of dispersing electrodes, as disclosed in U.S. Patent 
6,521,887, contributes to rather a space-inefficient structure as well as the presence of 
substantial fringing fields. 

[0010] A need therefore exists for a TOF mass spectrometer having a very high 

mass resolving power (capable of separating different isotopes at the 1% level), an 
extremely high sensitivity (to be able to measure very diluted gases), and requiring very 
limited resources indispensable for space applications. 

SUMMARY OF THE INVENTION 
[0011] A TOF mass spectrometer in accordance with the present invention is 

configured to have a rotating field to provide extremely high mass resolution 
observations. In the inventive spectrometer, the mass of the particle is determined by the 
time of flight through a given region and can be calculated as a difference between the 
stop time corresponding to an impact of ions upon a detector and the start time imprinted 
on the trajectory of the particle by electro-magnetic field that bends the trajectory in a 
given plane. 

[0012] Every individual ion is analyzed by the inventive apparatus, which 

increases the total sensitivity of the spectrometer. Moreover, the performance of the 
spectrometer of the present invention depends on fast electronics rather then on 
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mechanical tolerances, making these types of sensors mechanically simple, robust, and 
easy to operate. 

[0013] In accordance with one aspect of the present invention, the dispersive 

system has at least a cylindrical configuration creating the desired electric field. This 
particular configuration has the property of minimizing the fringing fields, while at the 
same time attaining the desired deflection of the ions. Still a further advantage of the 
cylindrical configuration of the dispersive system is its compactness. 
[0014] In a further aspect of the present invention, the ion beam conically shaped 

by the dispersive system is impinged upon a position-sensitive detector having a circular 
cross-section. Accordingly, a detector impacted by the beam is configured as a ring. 
Such a configuration provides for the detection of a large spread-out signal rather than a 
concentrated point signal. A critical advantage stemming from the circular detector 
includes the greatly increased throughput, since along with the particles traversing the 
dispersive system, when the desired electric field has a predetermined phase, other 
particles of interest are able to reach the detector. 

[0015] Another aspect of the inventive system includes a reflectron positioned 

along the predetermined deflected ion path and operating to redirect the impacting 
particles back towards the dispersing system. Not only is the reflectron capable of 
intercepting the beam extending at an angle to the axis of symmetry, but it also redirects 
this beam so that the dispersive system is not <6 bombarded" by the reflected beam. The 
use of the reflectron radically decreases the axial length of the inventive spectrometer 
while increasing the ratio between the distance traveled by the ionized beam along a drift 
region and the actual distance of the dispersive system. The properly increased ratio, in 
turn, leads to a higher mass resolution. Furthermore, incorporating the reflectron allows 
the circular detector to be positioned concentrically with the dispersive system, which 
leads to the reduced size of the inventive spectrometer. 

[0016] Accordingly, it is an object of the invention to provide a high mass 

resolution, time-of-flight (TOF) spectrometer for low energy neutral particles. 
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[0017] Still another object of the invention is to provide a high mass resolution 

TOF spectrometer characterized by isotopic resolving capability and temporal resolution 
within very limited resources. 

[0018] A further object of the invention is to provide a high mass resolution TOF 

spectrometer having a compact structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0019] The above and other features, objects and advantages will become more 

readily apparent from the following specific description accompanied by a set of 
drawings, in which: 

[0020] FIG. 1 is a block diagram of TOF mass spectrometer configured in 

accordance with the inventive concept; 

[0021] FIG. 2 is a diagrammatic view of a dispersing system including a plurality 

of segmented dispersing electrodes; 

[0022] FIG. 3 A and 3B are diagrams explaining the principle of operation of the 

inventive TOF mass spectrometer of FIG. 1; 

[0023] FIG. 4 is a diagrammatic view of the ionizing region of the TOF mass 

spectrometer of FIG. 1 ; 

[0024] FIG. 5 is a diagrammatic view of the inventive TOF mass spectrometer 

provided with a reflectron; and 

[0025] FIG. 6 is a side view of the system shown in FIG. 5. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0026] As shown in FIG. 1, a TOF mass spectrometer 10 provides for the mass of 

the particles to be determined by their time of flight through a given region. Structurally, 
the TOF mass spectrometer 10 includes an ionization source 12 operative to typically 
produce electrons ionizing, via electron impact, the neutral molecules of continuous gas 
flow 14. Upon being conically shaped by a focusing system 16, ions of interest are 
directed through an RF field 18 which will separate different mass/charge ions by 
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creating a rotating electromagnetic field which directs the ions along a predetermined 
deflected path 20 as a result of the voltage impressed thereupon. As a consequence, 
continuous ion beams swept by the dispersing system 18 enters an evacuated, field free 
drift region 22 at a predetermined angle to a longitudinal axis A-A of the spectrometer 
10, which defines the deflected path 22. Having traveled through the drift region 22, the 
beam impinges upon a detector 24 located along the path 20 at a distance from the 
dispersing system 16. Detecting the impinged ions allows for measuring their time of 
flight through the drift region 22, which is indispensable to the further calculation of the 
ion mass/charge ratio. The spectrometer 10, thus, is characterized by high duty cycle and 
rapid acquisition of mass spectra. 

[0027] Turning to FIGS. 2, 3 A and 3B, the dispersing system 16 includes at least 

a plurality of spaced dispersing electrodes 26 coextending with one another and each 
having a curved inner surface, which lies along arc of a circle. A main power supply 
source 28 (FIG. 2) operatively coupled to the dispersing system 16 includes a field 
programmable gate array (fpga) and phase shifter 33 operative to produce phase shifts 
between the desirable frequencies. Multiple amplifies 30 amplify a voltage signal up to 
about 50 volts, which are further increased by transformers 3 1 each directly coupled to a 
respective pair of electrodes 26. It is highly desirable that the voltage applied to the 
electrodes 26 be at least within a -300/+300V range, the higher the better. In addition to 
an amplifying function, the transformers act as an impedance matcher between the 
amplifiers and the electrodes 26. Reduction of power consumption can be realized by 
increasing the number of amplifiers and/or transformers by a factor of 2, which, in turn, 
leads to an about 50% reduction of the maximum voltage on each of the electrode. 
[0028] Turning to FIG. 3 A, the circular configuration of the dispersing electrodes 

26 creates a well-behaved electric field inside a dispersing region 32 and is characterized 
by greatly minimized fringing fields, which are known to detrimentally affect the desired 
trajectory of the ions entering the drift region 22. Furthermore, geometrically, the 
cylindrical configuration is compact. Cumulatively, the compactness and the reduced 
fringing fields produce the enhanced performance of the TOF mass spectrometer 10. At 
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the very least, the spectrometer has four dispersing electrodes forming a quadrupole 
configuration. It was found that a six-electrode configuration is optimal; a greater 
number of dispersing electrodes requires more complex electronics and increased power 
consumption while not effectively enhancing the overall performance of the spectrometer 
10. 

[0029] As mentioned hereinabove, the dispersing electrodes are responsible for 

creating a rotating electric field that is capable of separating different mass/charge ions. 
The ion trajectory within the dispersing region 32 (FIG. 3A) follows a very smooth curve, 
which is contained in the plane defined by the incoming velocity of the ion beam and the 
direction of the electric field. Multiple electrodes 26 of the dispersing system 16 create 
an electric field constant in magnitude, but with direction rotating uniformly in space in a 
plane perpendicular to the initial ion velocity along the axis A-A (FIG. 1), at a frequency 
"f \ The electrodes 26 are spaced at a distance 2d from each other. A potential applied to 
the electrode n (n=l . . .4) is equal to 

¥(t) =V sin(27rft + n7r/2) 
[0030] The resulting electric field is constant in magnitude and equal to V/d. As 

the imposed electric field direction is varied in time, the trajectory within the dispersing 
electrodes will still be bounded to a plane. Slower particles will experience an "effective 
field" that is the average of the electric field during the time taken to traverse the 
electrodes: the resulting change in perpendicular velocity will be smaller (average over 
time of the sinusoidal waveform), but the mass resolution capability will be retained. 
[0031] The effect that a rotating electromagnetic field generates mass dispersion 

can be readily explained in the case of a simple point detector 34, diagrammatically 
illustrated in FIG. 12 and placed at the appropriate off-axis distance. The trajectory of an 
ion is such that the latter can hit the detector 34 only if the electric field points to the 
detector while the ion traverses the dispersing region 32. At all other times, the ion will 
simply miss the detector. The time difference between the instant when the particle 
arrives at the detector td and the time to when the electric field was pointing in the 
appropriate direction is equal to the travel time t2 - ti= t through the field free drift region 
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22. When the ions have a substantially uniform energy/charge (the acceleration voltage) 
ratio, the time-of-flight is directly proportional to the square root of the mass per charge 
and can be measured as 

t - D/v=D [(m/q)/(2E/q)] l/2 
where "v" is the velocity of the ion and D is the length of the path traveled by the ion in 
the drift region (FIG. 2). 

[0032] The angular difference between the phase of the electric field and the 

position on the ring uniquely determines the mass/charge of every ion relative to an 
arbitrary reference as indicated by arrow B in FIG. 3B. After the flight through the field- 
free region 22, the ion hits the detector at the time t=ta and at a position to established by 
the direction <f> 0 of the electric field at the time t=to when the particle traversed the 
dispersing region 32. But at the time of the hit t d , the field is pointing in the direction 

</>d^o+27rf(t d -to) 

where f is the frequency of the voltage applied to the electrodes (see FIG. 3B). The 
mass/charge of the incident ion is then given by: 

m/q=2E/q [(0 d -<£o)/27rf] 2 / D 2 
[0033] From the direct measurement of quantities of <&> (the angular position of 

the hit point on the detector) and 4>d (phase angle of the electric field at the time U the ion 
hit the detector), the mass/charge of the ion can be determined. 
[0034] The ionization source 12, as shown in FIG. 4, is based on the electron 

bombardment sources and can be selected from one a hot cathode electron impact, 
MEMS (micro-machined silicon) electron impact, and a surface impact ionization 
configuration. As illustrated, the source 12 includes a cathode 38 activated to emit 
electrons extending towards an ionization region 40 and prevented from fully traversing 
the latter by a repeller 42 carrying a negative charge. A magnetic yoke 44 operating with 
the established principles directs the electrons along a direction indicated by an arrow 46 
coinciding with the longitudinal axis A- A of the spectrometer 10. 
[0035] Inflow 14 (FIG. 1) of neutral gas enters the ionization region 40 

perpendicular to the drawing plane and is ionized as a result of electron bombardment. 
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Extraction of the ion beam from the ionization region 40 is realized by the potential 
applied to grid 47. The subsequent focusing optics 48 focuses and accelerates the ion 
beam to its final energy. The field of view may be determined by a set of electrodes or 
collimator (not shown) upstream of the ionization region. Suitable potentials applied to 
these electrodes prevent the entry of low energy ions into spectrometer 10, while ions of 
higher energy cannot reach the dispersing system 16. This source may combine high 
sensitivity of about 10 3 A/Torr with good linearity over a very wide gas pressure range 
(from several 10- 5 Torr to below 10 w Torr), small energy dispersion and low background. 
Emission current of the ion source 12 at 1 jxA, can be increased (up to a factor of 10) or 
decreased, to enhance or reduce the efficiency of the source. 

[0036] Furthermore, by using a simple electronic switch, the voltage on the grid 

47 can be pulsed by a pulse generator 51 in phase with the frequency of the voltage, for 
example an RF frequency. By allowing ions to enter the dispersing region only every 
other cycle of the wave, the non-overlapping range is increased by a factor of four, as the 
mass depends on the square of the time-of-flight (in the test with the prototype, the range 
would be extended from mass range 0-23 to 0-92). The number of spectra sampled per 
unit time would only be reduced by a factor of two. The acceleration voltage and the 
frequency of the sinusoidal wave of the dispersion voltage can be cycled between 
different values, so that the overlapping mass peaks change their relative position. 
Separate spectra will be accumulated for different setting of the parameters. Subsequent 
analysis would then properly identify the different elements. 
[0037] Advantageously, instead of the point detector 34, the TOF mass 

spectrometer 10 can use a ring detector 36 (FIGS. 5 and 6) acting so that its every point 
operates as a separate point detector. This possibility enables the spectrometer 10 of the 
present invention to act as a correlated set of TOF spectrographs, recapturing the duty 
cycle losses associated with "point" detection. 

[0038] The selection of the position-sensitive detector 36 is based on two 

characteristics: good timing and angular resolution. Two-dimensional read-out can be 
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realized in several different configurations including, but not limited to, the following 
configurations described hereinbelow. 

[00391 Discrete anode including numerous pieces of metal configured in a ring 

configuration and each including a respective amplifier. The discrete configuration is 
characterized by, for example, a high mass resolution, wide dynamic range (10 7 
particles/sec) and sharp contrast in mass abundance. Unfortunately, this configuration 
requires complex electronics and instrument volume; 

[00401 Resistive anode or Wedge-Strip and-Zig-zag detector: annular 

configuration is provided with a wedge shaped or zig-zag recess along the periphery of 
the annular body. Structurally, two amplifiers, each coupled to a respective area adjacent 
to the recess, output signals as an ion flies hit the anode between these amplifies. 
Depending on the proximity of the ion tone of the edges, one of the signals would be 
grater than the other. Thus, determination of the angular position of the ion impinged 
upon the detector is achieved by comparing analogue signals at the ends of the properly 
shaped resistive anode. One of the advantages of this configuration is its structural 
simplicity. This, however, is counterbalanced by limitations in the dynamic range (10 5 
particles/sec), as well as limited mass resolution and limited mass contrast capability. 
The zig-zag configuration operating on the same principle as the wedge-shaped one, but 
requires three amplifiers. 

[0041] Time-delay anode configuration is based on the time difference between 

the time arrival of the pulses produced by an ion on the ends of a continuous anode. The 
mechanism of this configuration is based on the fact that when a particle (ion) hits the 
detector, a signal produced by the latter has to travel there along towards the terminal 
point. Obviously, depending on a particular location, the signal may travel for a longer or 
shorter time. The difference in arrival time is used to measure the hit position. One of 
the advantages of this detector is its good timing characteristics and count rates (~lMHz). 
[0042] Still another configuration of the detector includes a coded anode 

(Codacon) arrangement. Events are detected in separate pixels, but instead of using an 
individual amplifier for each anode, channels are read and directly encoded. While this 
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arrangement exhibits excellent timing characteristics, the system is not able to handle 
large spot sizes, i.e. multiple pixel hits. 

[0043] Referring to FIGS. 5 and 6, the capabilities of the TOF mass spectrometer 

10 are advantageously enhanced by incorporating a reflectron 60. The main purpose of 
the reflectron is to compensate for the uncertainties introduced by energy struggling of 
the incoming ion beam. This element will enable the relaxation of the rather stringent 
requirement on energy uniformity imposed by a straight path configuration, as well 
known in conventional mass spectroscopy TOF. Structurally, the ionized particles 
leaving the dispersing electrodes 26 of the dispersive system 12 reach the reflectron 60 at 
a location 62, which is spaced laterally from the axis A-A, in the annular form. This 
geometric shape is particularly suitable for reflecting the particles back towards the 
position-sensitive detector 36 surrounding the dispersive system 12 and, thus, reducing 
the total dimension of the inventive spectrometer. 

[0044] The mass resolution of the spectrometer 10 is directly related to the energy 

dispersion of the beam. In a reflectron type configuration, small differences in velocity 
of the particles of interest are to large extent compensated in variations in their path 
lengths. For a properly designed reflectron, energy variation as great as about 10% can 
be compensated to produce time-of-flight variations as small as about 0.5%. In addition, 
the reduced size of the spectrometer 10 and the capability for removal of contaminating 
ultraviolet light makes the spectrometer 10 provided wit the reflectron particularly 
advantageous a missions directed at studying planetary atmospheres and exosphere.s, 
cometary missions, and fast flybys. 

[0045] The above disclosed TOF mass spectrometer 10 is effective in exhibiting 

high sensitivity (density as low as 100 particles/cm), good mass resolution (adjacent 
masses separated at the 0.1% level), and good time resolution. Named after an ancient 
Greek word "Strofio", which means to rotate, the TOF-mass spectrometer of the present 
invention is well suited for examining the Martian atmosphere at high time resolution 
during the aerobraking phase of the various missions as well as a key component of a 
descend vehicle. Future outer planet missions that envision chemical analysis of the 
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atmosphere and therefore would benefit from a Strofio-class instrument are, for example, 
the Pluto-Kuiper Express mission, the Europa Orbiter, Titan Explorer, Europa Lander, 
and a Neptune orbiter, all in the NASA roadmap. 

[0046] Although illustrative embodiments of the present invention have been 

described herein with reference to the accompanying drawings, it is to be understood that 
the invention is not limited to those precise embodiments. Therefore, those skilled in the 
art will envision other modifications within the scope and spirit of the claims appended 
hereto. 
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